the pressures decreased. The difference in pressure between capillaries and proximal tubules was present under all conditions. These data suggest that the relationship between pressures in the structures of the renal cortex and the interstitial space is complex. It is suggested that renal cortical interstitial pressure is lower than previously believed, and probably no higher than about 5 mm Hg. proximal tubule; pressure differences; pressure of interstitial compartment A SERVO PRESSURE-MEASURING DEVICE was constructed in order to study the relationship between pressures in peritubular capillaries and fluid reabsorption by the proximal tubule.
While performing the appropriate control experiments, we observed that a difference in pressure existed between peritubular capillaries and proximal tubules in the rat kidney. This observation differed from those reported by others (4, 5, 8, 9, 12, 15) . We proposed, therefore, to study in more detail the relationship between pressures in tubules and in peritubular capillaries.
METHODS
Male Sprague-Dawley rats weighing ZOO-300 g were used. They were allowed free access to water, but were deprived of food for 14-16 hr prior to study. Each rat was anesthetized with an intraperitoneal injection of Inactin (100 mg/kg).
Th e animal was placed on a temperatureregulated micropuncture table and a tracheostomy was performed.
Indwelling polyethylene catheters (no. 50) were inserted into the right jugular vein for infusion of lissamine green, into the left jugular vein for infusion of fluids, and into the left femoral artery for estimation of blood pressure. The left kidney was exposed by a left subcostal incision and gently separated from the left adrenal gland and perirenal fat. The kidney was suspended on a Lucite holder and its surface was illuminated by a quartz rod. The kidney was bathed with isotonic saline heated to 37 C. The flow of saline onto the kidney was maintained at a minimal level to insure that the surface remained moist. The kidney holder was adjusted so that most of the fluid ran off without entering the animal's abdominal cavity. The renal capsule was left intact in each case, unless specifically stated, and care was taken that the renal vessels were not stretched.
A servo pressure-measuring system was constructed, using solid-state electronics, from the plans described for a similar device by Wiederhielm et al. (14) . The system utilizes a micropipet filled with 1.5 M NaCl as an arm of a Wheatstone bridge.
Prior to puncture of a tubule or vessel, an interface is formed between the 1.5 M NaCl at the tip of the pipet and isotonic saline. This is accomplished by immersing the pipet tip into a layer of saline covering the kidney surface. The effective component of the pipet resistance is a function of the length of the column of isotonic saline contained from the tip to the interface.
In several pipets this resistance ranged from 300 to 600 kilohms. When the resistance of the pipet balances the bridge and a stable interface is formed, the pipet is ready for use. Entry of the pipet into a tubule or vessel will cause movement of the interface further into the pipet as a consequence of the pressure in the tubule or vessel. This results in an increase in the resistance of the pipet. This increase in resistance is detected by a sensing device as an imbalance of the bridge. The output signal from the sensing device is proportional to the change in resistance of the pipet and serves as a feedback message to a transducer.
The transducer consists of a loudspeaker and a bellows and is connected hydraulically to the micropipet and to a pressure transducer (Fig.  1) . The transducer drives fluid out of the pipet until the pipet resistance once again balances the bridge. It should be noted that the bridge balance is restored when the resistance of the pipet is restored, not necessarily when the fluid interface is returned to the position at which the balance was originally established. sumed equal to the pressure in the lumen of the tubule or capillary.
A Statham pressure transducer records this pressure on a Sanborn recorder. In order to determine the accuracy with which the system measured pressure, several flasks were filled with one of the following different solutions: a) 0.6 % NaCl, b) 0.9 % NaCl, and c) heparinized rat blood. Each flask ( Fig. 1 ) was sealed with a stopper which had holes for three pieces of tubing. The micropipet, connected to the pressure-sensing device, was introduced into the test solution.
In addition, a tube, connected to a mercury manometer, was introduced into the flask, but not into the fluid. This allowed us to increase the pressure within the flask quantitatively. A catheter, connected to another pressure transducer, was inserted into the fluid via the third opening of the stopper. This was used as an independent measurement of the pressure within the flask. Both static and random dynamic changes in pressure were produced and recorded simultaneously on a two-channel Statham recorder. Both transducers were precalibrated so that they would respond identically to the same pressure. As shown in Fig. 2 , the response of the system to increments in pressure was linear. Figure 3 demonstrates that the pressure recorded by the servo pressuremeasuring system is identical when the fluid medium in which the pipet is immersed is 0.9 or 0.6 % NaCl or rat blood. Also compared are the response time and the absolute pressure recorded by both transducers. Note that both response time and the absolute pressure produced are identically sensed by both transducers. The time for 100 % response was usually less than a second. The pressure recorded was independent of the loop gain of the system. A sluggish response, an absolute pressure recording that depended on loop gain, or a change in the zero reading indicated that the tip of the pipet had broken or become plugged.
Small air bubbles or leaks in the system altered all the variables mentioned above and would frequently cause the system to oscillate. In general, once a pipet was balanced it could be used throughout an experiment.
The pressures reported all met the criteria of We found that if the tip diameters exceeded 8 p, the bridge was difficult to balance. This was a consequence of the rapid movement of fluid in or out of the pipet which, in turn, caused the system to oscillate. In addition, pipets with long taper were found to be more stable than those with short taper.
Proximal tubules have been found to have resistances of 30-100 kilohms (7). The resistance of the tubule wall would be added in series to that of the pipet when these structures are punctured.
Studies were performed, therefore, in which the response to a pressure, as well as the zero line, were checked as resistances were added in series to the pipet. The behavior of all pipets was found to be independent of resistances added in series until these resistances had values up to approximately 200 kilohms. Some were found to be independent up to 500-600 kilohms. The resistance which could be added in series with a given pipet without destroying the capability of the system to operate as a servo control system could be increased if the pipet was balanced with the interface between isotonic saline and 1.5 M NaCl further into the shaft of the pipet. It appears that as long as the system can compensate for alterations in pipet resistance by moving the interface toward or away 142-4
K. H. FALCHUK AND R. W. BERLINER from the tip, it will behave as a servo system. The limiting positions are an interface at the pipet tip, which will allow no compensation for increases in series resistance, and an interface far into the nontapered portion of the pipet, where the system loses sensitivity to small changes in added resistance.
Proximal tubules and peritubular capillaries were chosen and punctured, and the pressure was recorded.
The capillaries punctured were of the small type and, whenever possible, were the vessels adjacent to the tubules chosen for puncture.
On entry into a tubule or capillary, there was a rapid rise in pressure, usually followed first by a variable noise signal and then by a stable pressure. This stable value was chosen as the pressure for the tubule or capillary.
Quite often it became necessary to move the pipet away from the inner wall of the vessel or tubule. If the tip of the pipet was not free in the lumen, a stable pressure could not be recorded.
The pressure transducer was calibrated *at least twice during each experiment with a water manometer. The calibration of the transducer remained constant. In several animals, the so-called "star vessels" were identified. These presumably represent efferent arterioles on the surface of the kidney as they divide into peritubular capillaries.
The hydrostatic pressures in these vessels were measured.
In Figure 5 illustrates the relationship of mean pressure in peritubular capillaries and proximal tubules for each of the individual animals studied. Removal of the renal capsule during three control experiments caused a fall in mean pressures in proximal tubules and capillaries of 2.3 and 0.9 mm Hg, respectively. Removal of the capsule following mannitol infusion decreased both pressures by 3.3 mm Hg, but left both pressures well above their control values.
DISCUSSION
The results of the studies presented here differ significantly from those previously reported.
Although the values ob-1 In two individual animals subjected to renal vein constriction, the mean pressure in capillaries exceeded that in proximal tubules (see Fig. 5 ). This was the consequence of very high values for the pressures in one and two, respectively, of the five capillaries punctured in each animal. 1425   TABLE   2 . Pressures in proximal tubules and peritubular capillaries in each group of animals before and after each in teruen t ion as well as other workers, but there is no obvious source of a systematic error in their procedure that might be expected to yield too high a mean value for the pressure in capillaries. On the other hand, the procedure used in our measurements is highly sensitive and yields reproducible and consistent results; we were unable to detect any source of systematic error and we believe the results to be correct. tained for pressures in proximal tubules are similar to those reported by others (4, 5, 8, 9, 12, 15) , the pressures in peritubular capillaries were consistently lower than in proximal tubules in our studies. The results obtained by Gottschalk and Mylle (4) had suggested that these pressures were on the average the same. We are unable to account for the difference between our results and those of Gottschalk and Mylle, although we assume that it has a methodological basis. The method used in the present study is considerably more sensitive than that used by Gottschalk and Mylle,
The finding of consistent differences in pressure between capillaries and tubules leads to inferences about the probable pressure in the interstitial space of the kidney very different from those derived from the previously accepted equality of these pressures. 2 If the pressures in tubules and adjacent capillaries were consistently equal, changing together with changes in conditions, it would be reasonable to infer that the pressure in the interstitial space is also the same as that in the lumina of the adjacent structures. The finding that the pressures are not the same in the capillaries and tubules leads to the inference that in all probability the pressure in the interstitial space is lower than in either of these structures.
In fact, the pressure in the interstitial space cannot be higher than in any nonrigid hollow structure with which it is in contact; otherwise, the hollow structure must collapse. In this connection, the low pressures found in distal tubules, which in this case are similar to those reported by Gottschalk and Mylle (4), are particularly relevant since the pressure in patent distal tubules would appear to place an upper bound on the interstitial pressure (assuming that any rigidity of the distal tubules is negligible).
From these considerations we infer that the pressure in the renal interstitial space is considerably lower than has been hitherto assumed and probably no higher, under normal conditions, than about 5 mm Hg. This is a value in the same range as those reported for other tissues, 0.4-6.6 mm Hg (10, 11, 1% although still considerably higher than those reported by Guyton (6). We assume that most of the pressure drop between tubule lumen and interstitial space and between capillary lumen and interstitial space occurs across their respective basement membranes and that an appreciable fraction of the pressure in the lumen is expended in maintaining the distention of those structures against the elasticity of their basement membranes. The importance of the basement membrane in opposing the distending pressure in the lumen is illustrated by the early attempts to perfuse segments of renal tubules prepared by treatment with collagenase (2). Such preparations lack basement membranes; when perfusion is attempted, localized swelling occurs which goes on to rupture of the tubule without ever opening up the lumen more distal to the site of perfusion.
The observations reported here indicate that the pressure relationships in renal cortical structures are considerably more complex than previously assumed, that capillary pressure cannot be inferred from the pressure in the tubule lumen, and that, other than to set an upper limit, interstitial pressure cannot be inferred from either. 
